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Multilayer volume holographic optical memory
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We demonstrate a scheme for volume holographic storage based on the features of shift selectivity of a speckle
reference-wave hologram. The proposed recording method permits more-efficient use of the recording medium

and yields greater storage density than spherical or plane-wave reference beams.

Experimental results of

multiple hologram storage and replay in a photorefractive crystal of iron-doped lithium niobate are presented.
The mechanisms of lateral and longitudinal shift selectivity are described theoretically and shown to agree

with experimental measurements.
OCIS codes:

Holographic memory has been a subject of interest for
decades since it was suggested by van Heerden.! High
information density, parallel access, and high-speed
retrieval are among the features that make this tech-
nique of data storage so attractive. Selective proper-
ties of volume holograms that are due to angular®?
or wavelength* deviation from the Bragg condition
as well as to reference-beam phase encoding®® are
methods that are frequently used for data input and
retrieval. The combination of reference-beam phase
encoding with spatial-shift multiplexing was shown to
be an efficient approach for high-density holographic
information storage.”® A similar technique that uses
a reference beam comprising many plane waves (or
a spherical wave) was suggested and experimentally
demonstrated.® Although all these methods permit
high-density storage of the holograms, the longitudinal
shift component of the volume recording medium has
not been considered for coding the individual pages of
information. Recently a method of multilayer optical
storage was discussed in which information is recorded
at different depths within the medium, similar to that
of a magnetic-disk stack currently used in PC’s.1*!* It
was demonstrated that holograms can be recorded as
thin layers within the volume of the medium to provide
large information storage capacity and fast data trans-
fer rates.” In this Letter we discuss and demonstrate
a single-volume, multilayer holographic optical mem-
ory based on the features of three-dimensional spatial-
shift selectivity in a volume hologram recorded with a
speckle-encoded reference beam (SRB).

For our analysis we consider the case in which the
hologram is recorded by a plane-wave signal beam
S,(r) and a SRB R,(r) with a divergence angle 660gsp,
as shown in Fig. 1. The two recording beams inter-
sect at an angle 6y, forming an interference pattern
with a grating spacing A = A/sin(6y), assuming a
SRB incidence angle 6z, = 0. It was shown'® that,
in the first Born approximation, the diffracted wave
amplitude S(r), when it is reconstructed with a
SRB that is different from the recording beam [i.e.,
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R(r) # R,(r)], can be described as
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Here S&(r') is the modulated component of the record-
ing medium’s permittivity de(r) « S,(r)R,*(r) and V
is the volume of the hologram. Equation (1) is valid
if the hologram is a volume hologram and its thick-
ness T exceeds the longitudinal speckle size, i.e.,
T > A/(86gp)®> > 1/260,. Then, by assuming a plane-
wave signal beam S,(r) = exp(ik,sr) and a recon-
structed signal beam S(r) propagating in the same
direction, we can reduce Eq. (1) to

S(r) = exp(ikesr) [ffv C(r,r")d3r'. (2)

P
L&Ay

Fig. 1. Schematic of multilayer speckle—reference-beam-
encoded hologram recording. Abbreviations are defined
in text.
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It is assumed here that the speckle pattern inten-
sity distribution has Gaussian statistics and that its
spatial autocorrelation function C(r,r’) is determined
by mutual intensity of the recording and reconstruct-
ing SRB’s,"*i.e., C(r,r') = (R,*(r)R(r")).

Contrary to the usual practice for a phase-encoded
holographic memory, we consider the case when the
spatial amplitude—phase distribution of reconstruc-
tion beam R(r) remains identical to that of recording
beam R,(r). The difference between R(r) and R,(r) is
due to the mutual spatial shift of the hologram and
the reconstructing beam, i.e., R(r) = R,(r + A), where
A=A,qg+AZ,A, and A are transverse and longi-
tudinal components of the shift, respectively, and ¢ and
2 are unity vectors in the same directions.

As the experimentally measured value is the dif-
fracted beam intensity Ip = |S|?, it is convenient to
introduce the parameter of relative diffracted beam
intensity Ipy(A) = Ip(A)/Ipn—o), where the measured
diffracted intensity Ip(A) is normalized by its peak
value at zero shift, Ipia—g). By incorporating the three-
dimensional correlation function C(r,r’) derived in
Ref. 13 and using the Fresnel—Kirchhoff diffraction in-
tegral, we can express the dependence Ipy(A ) as
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here Kp(q) is the diffuser aperture function, k, =
2w/A, @ = ¢:X + q,y, n is refractive index of the
recording medium, and dgy, is the diffuser—hologram
distance.

It follows from Eq. (3) that any lateral mismatch
between the hologram and reconstruction beam R(r)
leads to a decrease in the intensity of the diffracted
beam. Figure 2 shows the falloff in Ipy(A) that
occurs for lateral shift (A} = constant). One of
the important features of this type of selectivity is
that no ripples are observed as a function of spatial
mismatch, unlike in the case of angular or spec-
tral selectivity of volume holograms recorded with
plane or spherical waves. The monotonic decrease
in diffraction efficiency as a function of shift dis-
tance results in much less cross talk between stored
images than can be obtained by use of other forms
of multiplexing. Furthermore, the spatial decorre-
lation is symmetric within the plane perpendicular
to the Z direction, whereas other forms of multi-
plexing have high selectivity only in the disper-
sion plane.

Because the speckle pattern has a three-dimensional
nature, the longitudinal shift also results in spatial
decorrelation between the hologram and the recon-
structing speckle beam, and thus a third dimension
can be used to multiplex information. It can be shown
that, analogously to Ipy(A ), the diffracted beam in-
tensity Ipn(A)) — 0 when the shift distance A exceeds

the longitudinal correlation length (o) (see Fig. 2).
The longitudinal shift selectivity opens the possibil-
ity of implementing several virtual layers of holograms
within the same volume of the recording medium.

SRB holograms were recorded in 2.8-mm-thick
Fe:LiNbO3 (0.02% Fe/mol) crystal by three-
dimensional multiplexing. The crystal, with its
C axis lying in the plane of the recording beams,
was set onto an XYZ computer-controlled positioning
table, which had a precision of 0.025 um in the X, Y,
and Z planes. A 1-cm-diameter cw argon laser beam
(A = 515 nm, P = 40 mW/cm?) was used as the co-
herent light source for hologram recording. The SRB
had a lateral speckle size (o, ) = 3 um and intersected
the plane-wave signal beam at an angle of 6§y = 35°
(g, = 0° and Os, = 35°). The diffracted beam inten-
sity was measured with a p—i—n photodetector.

The diffraction efficiency of the hologram in its
original position (A = 0) was approximately 1073
After each hologram was recorded, a lateral shift of
A, = 10 um was introduced to record the next page
of information. The raster scan sequence was used to
multiplex images in X, Y, and Z, as shown in Fig. 1.
During reconstruction, proper mutual repositioning of
the hologram and the SRB resulted in information
retrieval. A typical sequence of 30 holograms stored
in the form of a 6 X 5 matrix is shown in Fig. 3.
The scan step length for this matrix reconstruction
was 0.25 um. Notice the symmetric nature of the
selectivity in both the X and the Y directions that is
characteristic of use of a SRB.
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Fig. 2. Calculated diffracted beam intensity Iy(A) as a
function of lateral A, and longitudinal A shifts for
a hologram recorded and reconstructed with a speckle-
encoded reference beam.
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Fig. 3. Measured diffraction efficiency of 30 holograms
multiplexed with lateral shift A, = 10 um between suc-
cessive recordings.
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Fig. 4. Measured diffracted beam intensity as a function
of spatial shift in the X, Y, and Z directions for two layers
of holographic recordings that have a longitudinal shift of
30 um between layers. Each layer is composed of a 3 X 3
matrix of holograms. The contour lines correspond to 7%
increments normalized to the largest measured intensity.
For clarity, the Z dependence for only two of the holograms
is shown.

Once recording of the first layer, L;, was completed,
we formed the next layer, L;, by shifting the recording
medium (or the diffuser that generated the speckle pat-
tern) along the central axis of the speckle-beam propa-
gation. The shift magnitude, as discussed above,
should satisfy the condition that A = (o), which,
for our experimental setup, was ~30 um. In this
way a new layer, Lg, could be recorded with the same
lateral shift selectivity, and thus a new matrix of
nL, X my, holographic pages was formed. The effect
of longitudinal shift selectivity was measured for
two holograms and is shown in Fig. 4 as a contour
plot of diffracted intensity. A longitudinal shift
(Z direction) of Ay = 30 um was introduced between
successive recordings. Figure 4 also shows an ex-
ample of the diffracted signal reconstructed from a
two-layer structure, in which each layer is composed
of a 3 X 3 matrix. These results agree with our
analysis and show that use of a speckle-wave refer-
ence beam permits holographic shift multiplexing
in three spatial dimensions with a selectivity deter-
mined by the average transverse and longitudinal
speckle size.

We now estimate the storage density for the tech-
nique of holographic data multiplexing described
above. The number of holograms N, to be recorded
in one layer can be calculated as the ratio between
an effective area F of the recording medium and
unitary lateral shift area (A )? in this plane, i.e.,
N, = (I, X Ll,)/(A,)?, where [, and [, are lateral
dimensions of the recording medium. The number

of available layers is proportional to 7'/Aj;. The
total number of holograms that can be recorded
with a shift selectivity scheme can be estimated
as Nsp = V/[(A1)?> X Aj]. This number leads to
Nsp ~ 4 X 10° holograms for a 1 cm X 1cm X 1 cm
crystal for the experimental conditions described
above ({(o1) = 3 um, (o)) =30 um). In a practical
system the dynamic range of the refractive-index
variation and the signal-to-noise ratio of the recon-
structed image further limits the maximum storage
density. The average signal-to-noise ratio for each of
the holograms reconstructed in these experiments was
=45, measured as the ratio of the Fourier-filtered dc
component of the diffracted beam to the collected scat-
tered light that propagates in the same direction. At
fixed experimental conditions, such as recording-beam
ratio, exposure level, and form of the aperture in the
diffuser plane, the value of the signal-to-noise ratio
depends on the ratio of the introduced shift A, j to
the magnitude of the correlation radius (o, ) in the
corresponding direction.

In conclusion, we have demonstrated the possibil-
ity of creating a multilayer holographic memory in a
photorefractive crystal based on the three-dimensional
spatial-shift selectivity of speckle-encoded reference
waves. The method achieves high-density data stor-
age with a simple storage-retrieval architecture.
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